The enteric nervous system (ENS) comprises a complex neuronal network that regulates peristalsis of the gut wall and secretions into the lumen. The ENS is formed from a multipotent progenitor cell population called the neural crest, which is derived from the neuroepithelium. Neural crest cells (NCC) migrate over incredible distances to colonize the entire length of the gut and during their migration they must survive, proliferate and ultimately differentiate. The absence of an ENS from variable lengths of the colon results in Hirschsprung's disease (HSCR) or colonic aganglionosis. Mutations in about 12 different genes have been identified in HSCR patients but the complex pattern of inheritance and variable penetrance suggests that additional genes or modifiers must be involved in the etiology and pathogenesis of this disease. We discovered that Tcof1 haploinsufficiency in mice, models many of the early features of HSCR.
Abstract
The enteric nervous system (ENS) comprises a complex neuronal network that regulates peristalsis of the gut wall and secretions into the lumen. The ENS is formed from a multipotent progenitor cell population called the neural crest, which is derived from the neuroepithelium. Neural crest cells (NCC) migrate over incredible distances to colonize the entire length of the gut and during their migration they must survive, proliferate and ultimately differentiate. The absence of an ENS from variable lengths of the colon results in Hirschsprung's disease (HSCR) or colonic aganglionosis. Mutations in about 12 different genes have been identified in HSCR patients but the complex pattern of inheritance and variable penetrance suggests that additional genes or modifiers must be involved in the etiology and pathogenesis of this disease. We discovered that Tcof1 haploinsufficiency in mice, models many of the early features of HSCR.
Neuroepithelial apoptosis diminished the size of the neural stem cell pool resulting in reduced NCC numbers and their delayed migration along the gut from E10.5 -E14. 5 . Surprisingly however, we observe continued and complete colonization of the entire colon throughout E14.5-18.5, a period in which the gut is considered to be non or less-permissive to NCC. Thus, we reveal for the first time that reduced NCC progenitor numbers and delayed migration do not unequivocally equate with a predisposition for the pathogenesis of HSCR. In fact
Introduction
A normal functioning bowel requires the presence of a complete enteric nervous system (ENS) throughout its entire length. The mammalian ENS is derived from a migratory progenitor cell population called the neural crest (1, 2) . More specifically, neural crest cells (NCC) within the vagal region of the neural tube (adjacent to somites 1-7) of embryonic day (E) 9.0 embryos, delaminate and travel ventrally through the embryo reaching the foregut by E9.5. During the next 5 days of embryogenesis, vagal NCC advance throughout the entire extent of the bowel (3) (4) (5) (6) and coalesce into discrete ganglia that comprise the myenteric and submucosal plexi (7) . The absence of ganglia from variable portions of the colon is a characteristic feature of Hirschsprung's disease (HSCR), a common human disease that affects 1:5000 live births (8) .
Insights into the etiology and pathogenesis of HSCR have been obtained from analyses of NCC development in genetically mutant mice and in neural tube ablation/grafting experiments performed in avian embryos (8) (9) (10) (11) (12) (13) (14) . These experiments suggest that normal ENS formation depends upon a critical balance between NCC survival, proliferation, differentiation and migration during all stages of ENS development. Tight control of these processes ensures a sufficient progenitor cell pool enters the foregut at the correct time and furthermore that the correct balance of NCC proliferation and differentiation is maintained as these cells migrate along the gut. This preserves a critical number of dividing cells, which together with specific cell-cell interactions established at The NCC micro-environment plays a critical role in regulating the extent of ENS formation through its influence on NCC number and their colonization of the gut. GDNF, is a ligand for the receptor tyrosine kinase (RET), and modulating the level of this mesenchymal factor in vivo alters NCC survival, proliferation, migration and differentiation along the gut (15) (16) (17) (18) (19) (20) (21) . Extra cellular matrix (ECM) components such as tenascin-C and fibronectin which are present within the cecum and proximal colon may also influence NCC migration and development (22) . Increased laminin is detected in the colon of Endothelin3 (Edn3 ls/ls ) deficient mice which exhibit perturbed endothelin receptor B (Ednrb) signaling.
Consequently, this promotes neuronal differentiation at the expense of NCC migration (23, 24) resulting in incomplete colonization of the colon (25) .
Furthermore, age-dependent changes in the ECM have been postulated to inhibit the migration of Ednrb -/-NCC along the colon beyond E14.5 (26) . Consistent with this idea, NCC invasion of the colon has been shown to decrease with increasing age (25) . These data suggest that there is a limited temporal window available for NCC colonization of the colon after which the environment becomes either non or less-permissive.
To date, over a dozen HSCR disease associated genes have been identified, with RET being the most significant as it accounts for 50% of familial and about 20% of sporadic cases (27) . Mutations have also been described in the RET ligands, GDNF and NRTN, in the co-receptor GFR1, as well as in endothelin signaling genes, NRG1, KBP, L1-CAM, and the transcription factors SOX10, ZEB2, and PHOX2B (9, 12, 13, (28) (29) (30) . However, a large number of HSCR cases are currently genetically undetermined. Therefore, additional genes or modifiers must be involved in the complex pattern of inheritance and variable penetrance observed in HSCR. To this end, we have identified Tcof1, which encodes a putative nucleolar protein known as Treacle, as an important regulator of vagal NCC development and ENS formation. Tcof1 loss-of-function results in a deficiency of vagal NCC and their delayed colonization of the gut during early embryogenesis, which mimics the early stages of HSCR. Surprisingly however, complete ENS formation is achieved by E18.5. Consequently we discovered that precise regulation of progenitor pool proliferation enables NCC colonization of the entire colon, beyond stages that are typically considered to be less or nonpermissive. Thus complete ENS formation depends upon a critical balance between intrinsic and extrinsic signals which regulate the survival, proliferation, migration and differentiation of vagal NCC.
Results

Tcof1
+/-mice model features of HSCR NCC play essential roles in the development of craniofacial structures, the outflow tract of the heart and other systems such as the ENS. We have previously demonstrated that Tcof1/TCOF1 plays an important role in neuroepithelial and neural crest cell development with respect to craniofacial development and pathogenesis of Treacher Collins syndrome (31, 32) . Tcof1 is widely expressed during embryogenesis (31, 33) Fig. 1 and S1 ), and neuronal cell bodies and axons were organized into a defined network in the SI (Fig.1 ). All Tcof1 +/-embryos examined contained an equivalent network within the SI, despite the fact that only about 50% of guts were completely colonized by NC-derived cells (n=23, Fig. 1 and S1 The proportion of dividing NCC was quantified at both the migration wavefront and along the SI ( Fig. 4A and B). At this stage, an equivalent proportion of dividing NCC were observed at both the wavefront and along the SI using both pHH3 and BrdU labelling in wild type guts (11.6±2% vs 11.5±2% for pHH3 and 50.8±2% vs 53±2% for BrdU, respectively). However, we observed a significant increase in the percentage of proliferating NCC at the migration wavefront in Unlike what we observed above, by E13.5, the proportion of dividing NCC was significantly increased at the migration wavefront compared to the SI in wild type guts (43±2% vs 22±2%, p=4.9x10 -6 ). In addition to this, and consistent with what we had seen earlier, NCC proliferation was increased at the migration wavefront in the colon of E13. S3 ). In contrast, similar levels of neuronal differentiation were detected along the length of the SI between animals (15.8±1 vs 18.5±2, p=0.09, Fig. S3 ) reflecting the comparable TuJ1 staining densities observed at E14.5 ( Fig.1) . Therefore, the balance of increased NCC proliferation at the migration wavefront both at E11.5
and E13.5, together with reduced neuronal differentiation throughout the gut at E11.5 and at the wavefront at E13. (Fig. S4B) . This is reflected in the smaller number of NCC around the foregut (Fig. S4A) embryos, increased NCC proliferation at the migration wavefront and an overall reduction in neuronal differentiation facilitates the eventual -albeit delayedformation of a complete ENS. (Fig. 6 ). At E13, 1 integrin expression was observed across the colon with higher levels around blood vessels. Subsequently, the expression of 1 integrin increases with developmental age such that the staining is greater at E14 especially in the terminal colon (Fig. 6 ). Initially at E13.5, less 1 integrin expression was detected in the proximal colon of Tcof1 In an effort to determine whether complete ENS formation observed within
Changes in ECM molecules in
Tcof1
+/-embryos was due to the fact that the progenitor cell pool had not been sufficiently reduced below a critical threshold level or "tipping" point, we treated mice with the oxidizing agent H 2 O 2 . Oxidation has previously been shown to induce apoptosis in migrating NCC, thereby reducing the total cardiac NCC pool (39) . We observed equivalent effects in our studies as evidenced by a significant increase in TUNEL+ NCC migrating towards and into the foregut of Tcof1 +/-embryos treated with H 2 O 2 compared to untreated mice. However, unlike the previous report (39) , no significant apoptotic effect was apparent in wild type embryos. In contrast however, we did observe reduced proliferation of p75+ cells migrating towards and into the foregut within these embryos. The defects in cardiac NCC development elicited by oxidation were attributed to decreased Pax3 expression (39) , however, we observed no change in Pax3 levels in Complete ENS formation along the entire length of the gut requires a critical number of NCC and proliferation is a crucial regulator of this process in both avians and mice (15, 35, (48) (49) (50) . Differential proliferation has been reported at the migration wavefront of cranial and enteric NCC in avian embryos (49-51).
However, this may be species specific, since we and others have previously documented no significant differences in NCC proliferation rates in different gut regions of E11.5 and E12.5 wild type mammalian embryos (52, 53) . It is also possible that the differences observed between the mouse and avian gut data could arise from technical differences in the way that the experiments were performed. The avian gut analysis was performed on explant cultures which do not grow significantly during the period of investigation, whilst the mouse data was collected from guts that were dissected from embryos that were growing during the normal process of development.
We did however, discover inverse differential proliferation and differentiation between the migration wavefront in the colon and along the SI at E13.5, such that the proliferation was increased, whilst the differentiation was 
embryos. The early ENS phenotype in Tcof1
+/-embryos is in fact more similar to that described for endothelin signaling loss-of-function mice (34, (58) (59) (60) where NCC in about 70% of cases examined at E12.5 have not entered the colon. It has been proposed that the colonic microenvironment becomes non or lesspermissive to NCC migration with developmental age since restricted migration of NCC into aganglionic colon was seen at E14.5 compared to E11.5 (25) . This change has been attributed to a temporal increase in laminin expression during normal embryonic development (26) . Enhanced laminin expression was also detected in Edn3 mutants compared to wild type guts (23, 24) and it has been proposed that laminin may restrict NCC migration by increasing neuronal differentiation. The expression of 1 integrin also needs to be regulated in order to ensure complete gut colonization since it is required to modulate the effects of high levels of tenascin-C and fibronectin within the cecum and proximal colon that may inhibit NCC invasion (22) . We observed spatiotemporal changes and differences in laminin and 1 integrin expression in the gastrointestinal tract of 
Immunohistochemistry
Whole gut immunolabelling was performed after dissection from the embryo.
Tissues were fixed for 2 hours at room temperature (RT) in 4% paraformaldehyde in PBS before being rinsed several times with PBS. They were incubated in blocking solution (10% heat-inactivated sheep serum in PBS + 0.1% Triton X-100) for 2 hours at RT. Primary antibodies (see table) in blocking solution were added overnight at 4°C. The following day, they were rinsed in PBS 3x5 minutes and then for 1 hour at RT prior to addition of appropriate secondary antibodies (1:500 Alexa, Invitrogen, see Table S1 ) diluted in blocking solution for 4 hours at RT. Guts were rinsed in PBS, mounted in Vectashield with DAPI (Vector Laboratories) and analysed using a LSM5 PASCAL confocal microscope (Carl Zeiss). Composite images were compiled using Adobe Photoshop software, brightness and contrast may have been modified.
For immunolabelling 10μm cryosections of whole embryos or dissected guts, the slides were placed into blocking solution for 30 minutes before being immunostained for 2 hours at RT with the primary antibodies (see Table. S1).
After PBS washing, secondary antibodies in blocking solution were added for 2 hours at RT before rinsing in PBS and mounting in Vectashield with DAPI (Vector Laboratories). Immunohistochemistry with the Sox10 antibody was as described except that the signal was amplified using DSB-X TM biotin donkey anti-goat IgG
(1:100, Invitrogen) and Streptavidin Alexa 568 (1:300, Invitrogen). Apoptosis was detected using the in situ Cell Death Detection Kit Fluorescein (Roche) after the immunostaining according to the manufacturers instructions. Mean pixel intensity values were calculated using Image J software.
BrdU incorporation
BrdU (Sigma) was injected intraperitoneally (IP) (1μl/g of animal weight of a 100mg/ml stock solution) into pregnant mice. Embryos were harvested 45 minutes later, guts were dissected and immunostained with p75 as described above. They were then post-fixed in 4% PFA for 10 minutes and treated with 2M
HCl at 37°C for 30 minutes prior to the incubation with the BrdU antibody.
Hydrogen Peroxide Treatment
1% hydrogen peroxide solution was injected IP into pregnant mice (10μl/g of animal weight) once at E7, twice at E7.5 with a six hour time interval and then once at E8.5. Females were sacrificed at E10, E11.5 and E18.5 to determine any effects of the treatment upon NCC death, proliferation and colonization of the gut.
NCC death and proliferation analysis of sections
Apoptosis within the NCC that had migrated towards the foregut was determined on sections of embryos from E9.5-10. Statistical analysis was carried out using an unpaired t-test and we considered p values >0.05 not significant.
NCC proliferation and neuronal differentiation analysis in whole guts
The extent of proliferation was determined at the migration wavefront of NCC by counting double positive pHH3/p75 or BrdU/p75 of the first 50 p75 + cells from analysis of 1.5µm optical sections collected using a 63x lens using a LSM5 PASCAL confocal microscope. Cell proliferation along the small intestine was obtained by examining a minimum of four regions along the entire length.
Neuronal differentiation at the NCC migration wavefront and along the small intestine was measured at E11.5 and E13.5 as described above except that 
